ABSTRACT Developing simple, economic, and efficient electrical power conversion systems for wave energy converters (WECs) is an on-going research topic. This paper considers a simple resonance circuit to maximise the ac-dc power conversion of a permanent magnet linear generator (PMLG). To implement this circuit, the PMLG model parameters were obtained. In this paper, we developed a procedure for designing a two-sided planar PMLG considering the corresponding physical parameters. For this method, we set the basic parameters and calculated the derived parameters for the PMLG. The resonance circuit was composed of a three-phase rectifier with a shunt connection of capacitors between its diodes. The value of the capacitors was calculated using the resonance principle at a specific dominant frequency obtained from the location of the WEC installation. We compared the performance of the proposed resonance circuit with that of an existing resonance circuit. The proposed circuit generates more power, requires fewer components, and presents fewer harmonics. In addition, a higher-quality damping force was obtained when using the PMLG connected to the proposed resonance circuit and a resistive load.
I. INTRODUCTION
Ocean wave energy is one of the most promising renewable energy sources owing to its energy density, which is higher than those of wind and solar energy [1] . This source has the potential for global energy production of up to 2000 TWh, which is 10% of global electrical energy consumption [1] - [3] . In addition, wave energy is more available and predictable than wind energy [3] , [4] . However, this source competes with the more mature wind and solar energy technologies. Moreover, ocean wave energy development still faces several barriers related to progress in the initial technologies, as well as environmental and economic issues.
To improve the economic competitiveness of wave energy converters (WECs), many control system technologies have been developed to increase the power absorption and conversion from sea waves. Fig. 1 shows a diagram of a general control system configuration for WECs. Control systems for WECs can be divided into two types: machine-side control (MSC) and grid-side control (GSC). MSC increases the wave power absorption and conversion from the sea to power take-off devices. GSC provides suitable electrical power signals that can be injected into the grid. The MSC and GSC systems are connected via a DC link. Obviously, we do not need GSC if the WEC serves only a local load. In this study, we considered only MSC.
Various strategies have been proposed for MSC, such as intelligent fuzzy control [5] , model predictive control [6] - [10] , robust control [11] - [14] , and model-free control [15] . Although these methods can provide optimum control and impose constraints, their major disadvantages are the online high computational cost and the complexity of the power electronic circuits used to implement the reactive control forces. A less complex circuitry for the power electronics used to implement damping control strategies was proposed in [16] and [17] . Both control strategies used the maximum power point tracking principle to maximise electrical power generation. In particular, the circuit in [17] requires only a simple three-phase boost rectifier. Although simpler than the control strategies in [5] - [15] , it still requires online observation of the triggering signals. For a less computationally expensive strategy, phase control by latching, in which the body velocity is forced to be in phase with the excitation force, has been demonstrated [18] - [23] . Latching can be implemented using either mechanical or electrical devices. However, it still requires online observation of the sea state.
This study considers a simple method to maximise electrical conversion in WECs using a simple three-phase passive resonance rectifier. The proposed method is depicted in Fig. 2 . We used direct-drive WECs by adopting the Sea-based TM permanent magnet linear generator (PMLG) proposed at Uppsala University. The rectifier has two functions: rectify the AC signals and cancel the reactance component of the signal. The proposed resonance circuit does not require online measurement and control. The proposed method does not use any hydrodynamic modelling and concentrates directly on the electrical power as the final product of WECs. Therefore, the proposed circuit has greater applicability than the existing methods in [5] - [23] because of its simplicity. A similar approach can be found in a few related studies, including [24] , [25] . In this paper, we attempt to obtain a new circuit topology having fewer components, more efficient electrical conversion, and electrical signals with better quality (i.e. fewer harmonics in the voltage and current) compared to those in [24] and [25] . To design the components of the proposed rectifier, we need to calculate the PMLG parameters. To increase the applicability, we consider the parameters from an actual PMLG topology for application in WECs. There are many PMLG topologies such as the tubular PMLG [26] , two-sided planar PMLG [27] , [28] , and four-sided planar PMLG [29] . The magnetic flux leakage in tubular PMLGs is smaller than that in planar PMLGs. However, the cost of building tubular PMLGs is higher because of their complex construction. Here, we propose a twosided planar PMLG owing to its simplicity of construction. We describe in detail the calculation for each component of the proposed PMLG using a simple algebraic approach based on its physical parameters. Therefore, this study also provides simple and practical step-by-step guidance for constructing a two-sided planar PMLG. The obtained parameters of the PMLG were used to simulate the proposed resonance circuit. In this study, we did not include the effect of hydrodynamic forces and feedback of the control force when simulating the resonance circuit.
This paper is organised as follows. The proposed model of the PMLG is described in Section II. The proposed resonance circuit is presented in Section III. Results are discussed in Section IV. The conclusions of the study are explained in Section V.
II. PMLG MODEL
The model of the PMLG has two parts, namely, the design details and electrical model of the PMLG.
A. DESIGN AND MODEL OF THE PROPOSED PMLG
The proposed PMLG model is depicted in Fig. 3 . This design is similar to the design in [27] . The double-sided PMLG comprises an air-cored coil winding without a slot that is sandwiched between two rows of permanent magnets. In the proposed design, the coil moves vertically and is connected to a tether using a slider. We used epoxy resin as a coil insulator and to keep the coil together. The magnets are attached to the generator's steel cover body. We did not consider any optimisation method to reduce the size of the PMLG elements or a method to compensate for the cogging effect. In this study, we split the parameters of the proposed PMLG into three categories: general design, coil, and permanent magnet. In each category, we additionally defined two types of parameters: basic parameters, which are determined by the designer, and derived parameters, which are calculated from the basic parameters.
In the general design category, there are five basic parameters, which are the maximum stroke (d s ), number of coils (N c ), rating linear velocity (v l ), working section length (d w ), and active length (d a ). The two parameters, d w and d a , depicted in Fig. 4a correspond to the coil series length and the magnet length, respectively. There are three derived parameters in this category: the total number of active poles on one side (N a ), total number of poles on one side (N p ), and pole pitch (τ p ).
Here, the pole pitch is the distance between two neighbouring poles [31] , which can be obtained as
where β is a design constant with a value of less than one. The total number of active poles on one side of the PMLG is given by
By applying (1), the total number of poles on one side of the PMLG is obtained as
Therefore, the number of magnet rows on each side of the PMLG is N p + 1.
The parameters in the coil category are shown in Fig. 4b . The basic parameters are the coil inner width (w i ), its thickness (t c ), and the space between two adjacent coils (s c ). The derived parameter of the coil outer width (w o ) is obtained as follows:
The mean pitch (m p ) can be calculated according to (4) as
Next, by using (5), the pitch factor (K p ) can be calculated. It represents the ratio between the induced voltage in a short, full-pitch winding and is given by
The spread factor (K s ) is calculated as
Here c s is the coil spread, which is formulated as
where w a is defined as
The number of turns for each coil (N t ) is calculated using an equation that involves the coil's fill factor (K f ). The equation is formulated as
The variable A w is the wire area of the coil, which is given by
where w d is the wire diameter. The mean length of a winding turn in the coil (M l ) is calculated as
We also discuss the parameters in the permanent magnet category. The basic parameters of the magnets are depicted in Fig. 5 ; they are the thickness of a single permanent magnet (t m ), the width of a single permanent magnet (w m ), and the length of the air gap (a g ). The derived parameter is the air gap's magnetic field, which is formulated as
where is the magnetic flux, A is the surface area of a single magnet, and H w is the fundamental component of the square wave in the Fourier series, which is formulated as where r m = w m /τ p . The magnetic flux is determined using the following procedure. The total magnetomotive force (F) of the permanent magnet is formulated as
where H c is the strength of the permanent magnet's magnetic field, B r is the magnetic remanence of the permanent magnet, µ 0 is the vacuum permeability (4π · 10 −7 Hm −1 ), and µ d is the neodymium magnet's relative permeability. Considering the reluctance models in [27] and [30] , the PMLG reluctance models in this topology are grouped into five equations according to the flux paths. These equations are:
where R ag is the reluctance between the coils and the air gap, R pm is the reluctance of the permanent magnet, R st is the reluctance of the flux cycle through the steel cover, R mm is the reluctance of the fringing flux cycle between magnets, R sp is the reluctance of the flux cycle between modules, and µ st is the relative permeability of steel. The remaining variables in (16) 
where
The variable pm is the magnetic flux on the permanent magnet, mm is the magnetic flux from magnet-to-magnet interaction, and st is the magnetic flux on the steel cover. The magnetic flux in (13), = pm + mm + st , can be obtained by solving the matrix equation in (21) . By using the basic and derived parameters in (1)−(21), the electromotive force (EMF) peak voltage per coil turn (V t ) is calculated as
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The EMF peak voltage per coil (V c ) is found using N t , (6), (7), and (23) as follows:
where η e is a constant to compensate for the end effect and is determined using the following equation:
If the phase voltage is produced by series-connected coils, the EMF peak voltage in each phase (V p ) is equal to
where N is the total number of coils in each phase. The resistivity of the wire in the coil is modelled via a temperature-dependent equation as follows:
where ρ t and ρ 0 are the resistivity of the coil at the initial temperature (T 0 ) and a rated temperature (T r ), respectively. The coefficient α is the coil's temperature coefficient. By using (27) , the coil resistance (R G ) at temperature T r when T 0 = 0 • C is obtained as
where l c is the length of the wire in the coil. The inductance of the coil (L G ) is calculated using the following equation:
where L c , l , and A c are the coil inductance, length of the flux path, and coil area, respectively.
B. PMLG ELECTRICAL MODEL
The PMLG is driven by translational motion to generate a three-phase EMF-induced voltage on its coil terminals, as described in the following equation:
where N tp = NN t is the number of coil turns per phase, and φ(t) is the magnetic flux in the coils. This magnetic flux can be expressed as
where is the maximum value of the flux as calculated in (21) . The variables ω e (rad/s) and f e (Hz) describe the electrical frequency [25] , [31] and are given by
whereż(t) is the instantaneous linear velocity of the PMLG. From (30) , (31) , and (32), the induced voltage per phase is
For a three-phase system with an abc sequence, the EMF voltages are
When the PMLG is linked to a resistive load, the flowing current generates a damping force. The damping force is calculated as
where i sq (t) is the q-axis component in the dq0 reference frame of the stator current.
III. PROPOSED RESONANCE CIRCUIT
The proposed configuration for the resonance circuit is derived from that of a conventional six-pulse rectifier consisting of six diodes connected as depicted in Fig. 6a . Resistor R L acts as the load resistance and C L acts as the load shunt capacitance to smooth the current and voltage at the load.
In the upper group of diodes (i.e. D 1 , D 3 , and D 5 ), the diode with the most positive anode will conduct, and the two others will be reverse-biased. Similarly, the diode with the most negative cathode in the lower group of diodes (i.e. D 2 , D 4 , and D 6 ) will conduct, and the two others will be reverse- biased. A pair of diodes (one from each group) will conduct at the same time, creating a conduction path that involves two phases of the supply. As illustrated in Fig. 6b , this process is repeated every π/3 rad for six different combinations of diode pairs (i.e.
In the proposed resonance circuit configuration, we added a shunt capacitor in each combination of diode pairs, as shown in Fig. 7 . The value of the shunt capacitor, C r , is calculated to cancel the reactive component of the conducting circuit. The closed circuit when D 1 and D 6 are conducting is depicted in Fig. 8a . We did not consider C L because this capacitor is used only to smooth the current and voltage at the load. From Fig. 8b , the equivalent impedance (Z RC ) for the parallel connection between C r and R L at a specific electrical resonance frequency f re (Hz), is
The total equivalent impedance (Z E ) for a closed circuit in Fig. 8b is
To achieve electrical resonance and hence maximum power transfer, the reactive component of the last equation is canceled by equating it to zero. Therefore, the value of C r can be obtained by solving the following equation: The electrical resonance frequency f re is selected on the basis of the peak (dominant) frequency of sea waves where the WECs are installed. For a monochromatic (sinusoidal) sea state, a single peak frequency of the ocean generates f e (t) in the PMLG, as shown in (32). Notice that f e (t) varies with time, whereas f re is constant in (38) and (40). We select f re by finding the effective (rms) value of f e (t) in (32). Given this assumption, the resonance condition might be obtained around the value of C r . Therefore, we conducted a simulation to find the maximum electrical power at R L for a capacitor value around that calculated for C r in (40). Note that the peak of the electrical power will be shifted slightly from its designed resonance frequency because f e (t) varies with time, the shape of the current/voltage in the PMLG is in the form of a sinusoidally modulated sine wave, and the tuned value of capacitor.
IV. RESULTS AND DISCUSSION
The parameters for the proposed PMLG obtained from Section II are listed in Table 1 . The values of R G and L G are required to simulate the resonance circuit as depicted in Fig. 7 . The other parameters are also required to generate the induced voltage in (30) . In this setup, we focused on testing the performance of the PMLG's connection with the proposed resonance circuit. We did not simulate the hydrodynamic forces (such as the excitation force, radiation force, and buoyancy force) and their feedback control force, which require modelling and sizing of the buoy. The PMLG was actuated using a regular sea state as follows:
where z(t) is the displacement of the PMLG's translator, f o is the dominant or peak frequency of the sea, and D is half of the maximum stroke of the translator. Therefore, the instantaneous linear velocity of the translator in (32) is expressed asż
VOLUME 5, 2017 To cover a range of possible ocean frequencies, we considered peak velocities (rms values) of the translator in (42) from 0.18 to 2.93 m/s, which correspond to effective electrical frequencies of 1 to 16 Hz. The simulation was conducted using Simscape Power Systems Toolbox TM from MathWorks R . An example of how to find the value of the capacitor in the resonance circuit is described in the following section. Here, we consider how to find the values of capacitor C r for peak translator velocities of 1.1 and 1.46 m/s, which correspond to effective electrical frequencies of 6 and 8 Hz, respectively. From (40), the calculated values of the capacitors were 8.8 and 5.7 mF for effective electrical frequencies of 6 and 8 Hz, respectively. As mentioned in Section III, we evaluated the electrical power at the load (R L ) around the calculated values of C r . The results are depicted in Fig. 9 . The peak power was reached at C r = 8.6 mF and C r = 5.5 mF for ω re = 6 Hz and ω re = 8 Hz, respectively. The tuned values of C r differed by approximately 4% from the calculated values of C r . All of the values of the capacitors in the range of operating frequencies are given in Table 2 .
The performance of the proposed circuit in terms of the converted electrical power to the load is depicted in Fig. 10a . Each line shows the electrical power achieved using the resonance circuit with a specific designed value of f re for various peak velocities of the translator. For each circuit with a specific value of f re , the converted power increases as the translator's velocity increases until it reaches a peak value close to its designed resonance frequency. The resonance FIGURE 10. Performance of (a) proposed resonance circuit and (b) circuit in [25] for various values of designed f re for various translator peak velocities.
TABLE 3.
Recommended values of designed electrical frequency based on the range of translator peak velocities. frequency was shifted as described in Section III. The electrical powers for resonance circuits with f re = 2 Hz and f re = 4 Hz were low because they are tuned to have resonance in less energetic sea states. Observing the outer envelope of the graphs in Fig. 10a , we recommend the values of the designed f re in the circuit for specific ranges of the translator's peak velocity, as shown in Table 3 . For example, we recommend tuning f re equal to 6 Hz for translator peak velocities lower than 0.8 m/s, which correspond to very low-energy sea states. However, if we want to use a single capacitance value for the entire range of operating frequencies, an f re of 16 Hz is recommended.
We compared the performance of the proposed resonance circuit with that of the circuit in [25] developed at Uppsala University. Note that the circuit in [25] requires 12 diodes, which is twice the number used in our proposed circuit. The calculated values of the capacitor in [25] for the range of operating conditions are also shown in Table 2 . The capacitors used in the proposed method are smaller than those used in [25] . The performance of the circuit in [25] at various translator peak velocities is shown in Fig. 10b . There was no peak (resonance) of the electrical power, as it increases with increasing peak velocity of the translator. The performance did not differ greatly as we varied the designed f re . Fig. 11 compares the proposed circuit and the circuit in [25] in terms of the converted electrical power to the load. We divided the operating peak frequencies of the translator as suggested in Table 3 and used the designed f re from Table 3 for both circuits. The proposed resonance circuit provided almost twice the converted electrical power, except in less energetic sea states, compared to the circuit in [25] . Note that Fig. 11f compares the two methods for the entire range of operating frequencies using a single capacitance value.
Next, we compared the effective values of the stator current for the results in Fig. 11 using both circuits, as shown in Fig. 12 . The proposed resonance circuit generates higher levels of the stator current than the circuit in [25] . Obviously, this is a drawback of the proposed circuit, as the higher stator current will increase the production cost of the PMLG. Fig. 13 shows an example of the instantaneous value of the stator current generated by the proposed circuit. The current VOLUME 5, 2017 FIGURE 14. Phase voltage V an for (a) the proposed resonance circuit and (b) the circuit in [25] . Phase current I an for (c) the proposed resonance circuit and (d) the circuit in [25] .
FIGURE 15.
Damping force in the PMLG connected to (a) the proposed resonance circuit and (b) the resonance circuit in [25] .
was generated using f re = 14 Hz for a translator peak velocity corresponding to an electrical frequency of 16 Hz.
We compared the quality of the electrical signals of the proposed resonance circuit and that in [25] , as depicted in Fig. 14 . The proposed circuit exhibits fewer harmonics in the voltage and current. This is because the proposed circuit has fewer diodes (switches) than the circuit in [25] . Another possible source of harmonics in [25] could be charging and discharging of the circuit's capacitors due to the alternating positive and negative polarities every half-cycle in each phase. Moreover, the proposed resonance circuit has a simpler configuration in which the three-phase terminal of the PMLG is connected directly to the three terminals of the resonance circuit, so the resonance circuit resembles a simple three-phase load. In contrast, the circuit configuration in [25] is more complicated, as there are three circuits to connect for each phase.
We also compared the damping force for both methods as formulated in (37), and the results are shown in Fig. 15 . We can see that the proposed method has less ripple and a larger magnitude compared to the other method. Obviously, the magnitude and ripples in the control forces arise from the magnitude and quality of the current running in the stator, respectively.
Finally, we show the DC voltage and current to the load for the proposed circuit. A capacitor (C L ) was connected in parallel with R L to form a low-pass filter. Note that this capacitor acts only to smooth the DC voltage and current; it does not affect the magnitude of the DC voltage and current. The resulting DC voltage and current for various values of the capacitance are shown in Fig. 16 . A higher capacitance value provides a smooth, slower response to reach the steady state. The quality of the electrical signals can be improved by using a more active or more advanced power electronics topology or can be handled by GSC if the load is connected to the grid.
V. CONCLUSION
We presented a new topology for resonance circuits for PMLGs applied in WECs. To obtain the actual parameters for simulating the PMLG with the resonance circuit, we described in detail the design of a two-sided planar PMLG. In the resonance circuit, the shunt capacitor is calculated using the resonance circuit theory. The simulation results show that, in comparison to an existing resonance circuit for WEC applications, the proposed resonance circuit uses fewer components, exhibits greater electrical power conversion, and presents fewer harmonics in the voltage and current as well as less ripple in the generated damping force. However, the proposed resonance circuit generates a higher level of current, which can increase the production cost of the PMLG. His current research interests are power system deregulation, power quality, artificial intelligence and power system distribution automation.
